The hypogonadic rat is characterized by male sterility, reduced female fertility, and renal hypoplasia controlled by a single recessive allele (hgn) on chromosome 10. Plasma testosterone is low and levels of gonadotropins are high in adult male hgn/hgn rats, indicating that the cause of hypogonadism lies within the testis itself. We found that the postnatal growth of the seminiferous tubules was severely affected. Here we describe the details of postnatal testicular pathogenesis of the hgn/ hgn rats. In these rats, gonadal sex determination and initial differentiation of each type of testicular cell occur, but proliferation, differentiation, and maturation of these cells during postnatal testicular development is severely affected. 
INTRODUCTION
Testicular development begins with gonadal sex determination and differentiation, induced by genes downstream of transcription factor Sry. This is followed by late embryonic and early postnatal testicular development, which is controlled primarily by paracrine factors, and prepubertal growth and pubertal maturation of the testes, which are controlled primarily by endocrine factors. From case reports of human disorders and phenotypic analyses of testicular function knockout mice, it has been shown that normal spermatogenesis during adulthood requires all these developmental steps to progress normally [1] . Knockout mice generated by targeting strategies have enhanced our understanding of the molecular mechanisms regulating embryonic gonad differentiation and the endocrine mechanisms controlling prepubertal and pubertal testicular maturation [2, 3] . In contrast, the insufficiency of genetic animal models with mutations in the factors controlling testicular growth and differentiation at the late embryonic and early postnatal stages has hindered our understanding of the molecular mechanisms controlling testicular development at these stages.
During the late embryonic to early postnatal stages in normal male rats, the primitive sex cords differentiate into mature seminiferous tubules. Morphological changes in developing seminiferous tubules include the mitosis of primordial germ cells (PGCs), the mitotic quiescence of PGCs into gonocytes, the proliferation of supporting (pre-Sertoli) cells, and the formation of well-organized, single-cell layers of Sertoli cells along the basement membrane [4, 5] . This is followed by the reinitiation of gonocyte mitosis, the movement of gonocytes to the basement membrane, the differentiation of gonocytes into spermatogonia, and the formation of tight junctions between neighboring Sertoli cells [4, 5] . On the other hand, the cytological differentiation of peritubular myoid cells [6] , the maturation of peritubular tissue including myoid cells and connective tissue [7, 8] , and the differentiation of adult-type Leydig cells from peritubular cells [9] occur in the testicular peritubular and interstitial tissue during postnatal development. The molecular regulation of these events remains to be elucidated.
Hypogonadic rats of the HGN inbred strain are characterized by male sterility [10, 11] , reduced female fertility [12] , and renal hypoplasia [13] [14] [15] , all controlled by a single recessive allele (hgn) located on chromosome 10 [16] . No other mutant animal or human disease showing a phenotype similar to that of the hgn/hgn rat has been reported. The gonads of the male hgn/hgn fetus are thought to produce rat Sry, Müllerian inhibiting substance (MIS), and testosterone; these males have descended testes and all of the male reproductive accessory organs but no female reproductive organs. However, the weight of an adult hgn/hgn testis is almost equal to that of a normal female ovary and about 1% that of a normal rat testis [10] . In male hgn/hgn rats, the seminiferous tubules are present in neonatal testes, but the postnatal growth of the tubules is severely affected [17] . The population of Sertoli cells is very small, and most of the gonocytes of hgn/hgn rats fail to differentiate into spermatogonia and are likely to have degenerated before entering meiosis [17, 18] . In hgn/hgn testes, peritubular cells form multiple layers around the seminiferous tubules at Postnatal Day (PND) 3-12 [17, 18] , when the differentiation of single layers of alkaline phosphatase (AP)-positive myoid cells is observed in normal testes [6] . Adult hgn/ hgn males display abnormal islet distribution of Leydig cells surrounding the seminiferous tubules as well as low levels of testosterone and high levels of gonadotropins in plasma [10, 11] .
The phenotype of the hypogonadic mutant rats strongly suggests that a normal allele for hgn encodes a factor playing critical roles in testis development and function [10, 11, 16] . We presumed that the postnatal development of dysplastic hgn/hgn testes includes the reduction of cell proliferation, the acceleration of cell death, and/or defects in cell differentiation arising from a defect in a single gene, hgn.
To characterize the physiological function of the normal allele for hgn in postnatal testicular development, we describe the pathogenesis of hgn/hgn dysplastic testes by immunohistochemical staining of cytoskeletal proteins, extracellular matrix (ECM) proteins, and proliferating cell nuclear antigen (PCNA), as well as by terminal deoxynucleotidyl transferase-mediated dNTP nick end labeling (TUNEL) staining for apoptotic cells and histochemical detection of 3␤-hydroxysteroid dehydrogenase (3␤-HSD) activity. Using semiquantitative reverse transcription-polymerase chain reaction (RT-PCR) analysis, we assayed the expression levels of follicle stimulating hormone receptor (FSHR). Our results show that, despite the initial differentiation of testicular cells in the fetal gonad, early postnatal proliferation and differentiation of the cells are defective in hgn/hgn rats.
MATERIALS AND METHODS

Animals
We utilized male hgn/hgn rats and their phenotypically normal littermates (ϩ/?; ϩ/hgn or ϩ/ϩ) from the HGN strain maintained in our department [15] . Sister-brother mating of the strain has continued for more than 40 generations. Rats were killed at PND 0, 1, 3, 7, 12, 18, 21, 40, and 80 by an overdose of ether. The testes were removed, weighed to distinguish affected rats from normal ones [17] , and processed. All rats used in this study were fed a certified commercial diet (CR-LPF; Oriental Yeast Co. Ltd., Tokyo, Japan) and kept in a clean, conventional animal room under controlled light (14L:10D), temperature (22 Ϯ 1ЊC), and humidity (55% Ϯ 5%). The experimental procedure and care of animals were in accordance with the guidelines of the Animal Care and Use Committee of Nippon Veterinary and Animal Science University.
Preparation of Paraffin Sections and Cryostat Sections
Paraffin sections were prepared for azan staining; hematoxylin and eosin (H-E) staining; immunostaining of fibronectin (Fn), laminin (Lm), type IV collagen (IVc), and PCNA; and for the TUNEL technique. The testes were fixed in Bouin solution, with the time of immersion varying according to testicular size (normal testis: 1 h for PND 1, 1.5 h for PND 3, 2 h for PND 7, 4 h for PND 12, and overnight for PND 21, 40, and 80; hypogonadic testis, less than 4 h for all days of age examined). The paraffin sections were prepared as previously described [15] . Sections were deparaffinized in xylene, hydrated in graded alcohol, and immersed in 0.01 M phosphate buffered saline (PBS; pH 7.4) before immunohistochemical analysis. Cryostat sections were used for immunostaining of cytokeratin (Ck), vimentin (Vm), and alpha-smooth muscle isoactin (Sma) and for histochemical detection of 3␤-HSD activity. Cryostat sections were prepared as previously described [18] . After being mounted on poly-L-lysinecoated slides, the sections were fixed in cold acetone-ethanol fixative (1: 1 v/v) for 20 min at Ϫ20ЊC. The sections were rinsed in PBS before immunohistochemistry or enzyme detection. The stained sections were examined under a light microscope (BX50; Olympus Co., Tokyo, Japan). The images were obtained by a Penguin 600CL digital camera system (Pixcera Co., Osaka, Japan) attached to the microscope.
Immunohistochemistry of Cytoskeletons and Extracellular Matrix Proteins
After paraffin and cryostat sections had been immersed in methanol containing 3% periodic acid to inactivate internal peroxidase, the sections were soaked in PBS containing 5% skim milk to block nonspecific antigen-antibody reactions. The polyclonal antibodies used in this study were anti-rat Fn (1:1000 dilution; Chemicon International Inc., Temecula, CA), anti-rat Ln (1:500 dilution; Chemicon), and anti-mouse IVc (1:500 dilution; LSL Co. Ltd., Tokyo, Japan). Monoclonal antibodies were anti-Vm (1:3 dilution; clone V9; Roche Applied Science, Indianapolis, IN), antiCks 8, 18, and 19 (1:3 dilution, clone 2A4; Biohit, Helsinki, Finland), anti-Sma (1:1 dilution, clone 1A4; Nichirei Co., Tokyo, Japan), and anti-PCNA (1:750 dilution, clone PC10; Oncogene Science Inc., Cambridge, MA). Following overnight incubation at 4ЊC, the sections were rinsed in PBS, and the primary antibodies were detected with streptavidin and biotin complex (Histofine SAB-PO kit for monoclonal primary antibodies and SAB-MO kit for polyclonal primary antibodies; Nichirei) or by the labeled polymer method (Histofine Simple Stain PO [MULTI], Nichirei). The slides were incubated with 3,3Ј-diaminobenzidine tetrahydrochloride (DAB) for 2-7 min, and the reaction was stopped by immersion of the sections in tap water. The sections were counterstained with hematoxylin. For negative controls, the primary antibodies were replaced by normal mouse or rabbit serum. Before immunostaining with anti-PCNA antibody, the sections were processed in a microwave (3 min ϫ 4) in 0.01 M citric acid buffer (pH 6.0) to reactivate their antigenicity, soaked in water, immersed in 2 N HCl for 20 min, and soaked in PBS.
Histochemistry of 3␤-HSD
3␤-HSD was detected by the tetrazolium salt reaction method [19] . Cryostat sections were fixed in cold acetone for 5 min. The incubation medium for the enzyme reaction contained 2 mM dehydroepiandrosterone as substrate, nicotinamide adenine dinucleotide as cofactor, tetranitroblue tetrazolium as H ϩ acceptor, 0.01 M potassium cyanide, 0.05 M magnesium chloride, and 0.1 M Tris buffer, pH 7.4. The sections were incubated for 45 min at 37ЊC in the dark in a humidity chamber. After being rinsed in tap water, the sections were counterstained with Nuclear Fast Red. In some cases, the substrate was omitted in the negative control to test specificity (data not shown).
Testicular Cell Counts on Histological Sections
Simple morphometric experiments were performed on the paraffin sections stained with H-E. The testes used in this experiment were derived from three ϩ/? males and three hgn/hgn males at PND 1 and 3. Ten almost-round sections of tubules were randomly selected from histological sections of each testis, and the numbers of Sertoli cells and germ cells in the tubules were counted under a microscope. The diameters of the tubules used for cell counts were also measured using an ocular micrometer. The values were averaged and compared between the ϩ/? and hgn/hgn males. A Student t-test was used for statistical analysis.
Counts of Total Number of Testicular Cells
Total number of testicular cells was estimated by counting the number of cells in an aliquot of cellular suspension from digested testicular tissue. Digestions were performed as described [12] . In brief, the testes were removed and put into PBS, and the surrounding tissues and tunica albuginea were trimmed under a stereoscopic microscope. Testes of both sides were combined and chopped in calcium-and magnesium-free phosphate buffered saline (CMF-PBS). Tissue samples were digested for 20 min at 32ЊC under gentle agitation in CMF-PBS containing 200 g/ml dispase, 500 g/ml collagenase (types I and IV), 30 g/ml soybean trypsin inhibitor, and 35 g/ml DNase I. The cells were washed in PBS containing 1% bovine serum albumin and suspended in minimum essential medium, and the number of cells was counted on a hemacytometer by trypan blue exclusion. Large cells (those with diameters greater than 15 m) were designated as gonocytes, and the other cells as testicular somatic cells [20] . Representative values were estimated from 10 identical experiments. Average cell numbers were calculated from 5 hgn/hgn males and 5 ϩ/? males at PND 0 and 3. A Student t-test was used for statistical analysis of the data.
TUNEL
Apoptotic cells were detected with an in situ apoptosis detection kit (TaKaRa Bio Inc., Shiga, Japan). After digestion with proteinase K (27 g/ml) for 20 min, the sections were immersed in 3% periodic acid to block internal peroxidase activity. Fluorescein isothiocyanate (FITC)-conjugated dCTPs were incorporated into nick DNA for 90 min at 37ЊC in the presence of terminal deoxynucleotidyl transferase (TdT). The sections were rinsed in PBS and incubated with HRP-conjugated anti-FITC antibody for 30 min at 37ЊC. The sections were incubated in DAB solution for 15 min, and the reactions were stopped by immersion in tap water. The sections were counterstained in hematoxylin. For the negative control, TdT was omitted.
RNA Extraction and Reverse Transcription-Polymerase Chain Reaction
Total RNA was extracted from rat testes using ISOGEN reagent (Wako Pure Chemicals, Osaka, Japan). The RNA samples were reverse transcribed to cDNA for 20 min at 42ЊC using an RT-PCR High Kit (Toyobo, Osaka, Japan), with each 20-l RT reaction mixture containing 1 g total RNA, 1.25 M random primer, 1 mM of each dNTP, 10 units RNAse inhibitor, and 20 units M-MLV reverse transcriptase. The samples were heated at 95ЊC for 5 min to inactivate the reverse transcriptase. Each PCR reaction was carried out in 25 l of a reaction mixture containing 5 l cDNA, 1.5 mM MgCl 2 , 0.1 M of each primer, 0.25 mM of each dNTP, and 0.6 U rTaq polymerase (Toyobo), in the reaction buffer supplied by the manufacturer. The primers used were those for FSH receptor, 5Ј-GCTGATGCAGAAAGAAAGTCGG-3Ј (sense) and 5Ј-CTCCGGGTTG ATGTACAGAAGA-3Ј (antisense), which generated a 380-base pair (bp) product, and for G3PDH, 5Ј-ACCACAGTCCATGCCATCAC-3Ј (sense) and 5Ј-TCCACCACCCTGTTGCTGTA-3Ј (antisense), which generated a 450-bp product. The amplification protocol consisted of 20-35 cycles of denaturation for 30 sec at 94ЊC, annealing for 30 sec at 60ЊC, and extension for 90 sec at 72ЊC, performed in a Thermal Cycler PTC-100 (MJ Research, Waltham, MA), with the number of cycles optimized for semiquantitative analysis of PCR products. The PCR products were electrophoresed on 2% agarose gels and visualized by ethidium bromide staining. Gel images were obtained using a digital imaging system (Printgraph-CX; ATTO, Tokyo, Japan). The PCR products were subsequently cloned into pGEM T Easy Vector (Promega Co., Madison, WI) and sequenced to confirm the amplification of target cDNA.
RESULTS
Histology of Dysplastic hgn/hgn Testis Stained by Azan Technique
To examine the postnatal development of the seminiferous tubules and interstitial tissue of hgn/hgn testes, we stained testicular sections by the azan technique and examined their histology by light microscopy. This staining method showed not only the cell morphology in the seminiferous tubules but also the fibrous status of the interstitial tissue of the hgn/hgn testes (Figs. 1 and 2). The central area of the testicular sections lacked seminiferous tubules in both genotypes at birth (data not shown). The area was occupied by growing seminiferous tubules in the ϩ/? testis from PND 3 onward (Fig. 1 , A, C, E, and G). In the hgn/ hgn testes at PND 3, the growth of the tubules was severely defective and interstitial mesenchymal tissue remained in the central area of the testes (Fig. 1B) . These interstitial tissues became fibrous and rich in collagen fibers after PND 12 ( Fig. 1 , D, F, and H).
In the ϩ/? testis in the early postnatal stage, the numbers of Sertoli cells increased and the cells formed a palisadelike distribution (Figs. 1A and 2A). Most gonocytes were arrested at the mitotic interphase and located in the centers of the tubules at PND 3 ( Fig. 2A) . By PND 7, these cells had moved to the basal compartment and differentiated into spermatogonia (data not shown). Some of the germ cells had entered meiosis by PND 12, and spermatocytes were observed (Fig. 2C ). In the hgn/hgn testis, the Sertoli cells failed to form a palisade-like structure along the basement membrane, primarily because their number was very small (Figs. 1B and 2B). Gonocytes occupied the insides of the tubules in the early postnatal stages and often showed abnormal mitotic metaphase (Fig. 2, B and D) . We also found some abnormally large gonocytes containing multinuclei (Fig. 2B ). In the ϩ/? testes, by PND 18, each seminiferous tubule had formed a lumen (Figs. 1E and 2E) and many spermatocytes were observed in the tubules (Fig. 2E) , and on PND 40, spermatids were observed (Fig. 2G ). In the hgn/hgn testes at PND 18, Sertoli cells and indistinctive germ cells were observed in the tubules (Fig. 2F) , and there was no lumen (Figs. 1F and 2F). No spermatogenesis was observed at PND 40, and the tubules included abnormal fibrous material (Figs. 1H and 2H ).
In the peritubular tissue of the ϩ/? testes, one or two layers of peritubular cells surrounded the tubules at PND 3 ( Fig. 2A) . A single layer of peritubular cells had established continuous contact with the basement membrane at PND 7 (data not shown), and the outer basal lamina appeared outside a single layer of peritubular cells around PND 12 (Fig.  2, C , E, and G). The peritubular cells, which had become flattened, were located in the space between two basal laminae (Fig. 2, C , E, and G). In the hgn/hgn testis, by contrast, peritubular cells formed three or more layers around the tubules (Fig. 2, B and D) . Their peritubular tissue lacked the outer basal lamina of the tubules at PND 12 and 18 ( Fig. 2, D and F) , and the peritubular cells had not become flattened but were still round (Fig. 2, D and F) . These cells, which had become thin, were at times located between the inner and incomplete outer basal laminae at PND 40 ( Fig.  2H) .
In the ϩ/? testes, some of the interstitial peritubular cells that were separated from the myoid cells by the outer basal lamina had changed their spindle configurations to a round shape by PND 12 and 18 ( Fig. 2, C and E) . Nearly mature adult Leydig cells were observed at PND 40 (Fig. 2G ). In the hgn/hgn testis, the cells forming multiple layers around the tubules did not change their shape, keeping their spindle configuration at PND 12 and 18 ( Fig. 2, D and F) . At PND 40, however, the cells forming islets around the tubules showed the round shape characteristic of Leydig cells (Fig.  2H) . These results suggest that, in the hgn/hgn testis, the proliferation and differentiation of both intra-and extratubular cells were severely defective in the postnatal stages.
Immunostaining of Cytoskeletal Proteins
To examine the differentiation and distribution of somatic cells in hgn/hgn testes, cryostat sections were immunostained with antibodies for cell-type-specific cytoskeletal proteins. Ck is one of the transit markers of immature Sertoli cells [21] . In agreement with previous results [21] , Ck was located in the cytoplasm under the nucleus of each Sertoli cell in the ϩ/? testis at PND 3. Immunostaining for Ck revealed a palisade-like distribution of Sertoli cells along the basement membrane (Fig. 3A) . In the hgn/hgn rats, Ck-positive cells were found in the tubules, but there were too few of these cells to form a palisade-like distribution along the basement membrane. Moreover, a considerable number of Ck-positive Sertoli cells were detached from the tubular basement membrane in the hgn/hgn testes (Fig. 3B) . Because Ck filaments disappeared with increasing age, we immunostained the sections of adult rat testes with antibody to Vm. This protein, which is not expressed in germ cells, was found to be localized to the testicular somatic cells [21] . In the ϩ/? tubules, Vm immunostaining was localized around the nuclei of the Sertoli cells, extending toward the apical portions of their cytoplasm (Fig. 3C) .
FIG. 1. Histology of ϩ/? (A, C, E, G) and hgn/hgn (B, D, F, H) testes at PND 3 (A, B), 12 (C, D), 18 (E, F), and 40 (G, H).
Postnatal growth of seminiferous tubules is severely affected in the hgn/hgn testis. Interstitial mesenchymal tissue has remained in the central area of the hgn/hgn testis at PND 3 (B) and has become fibrous tissue including abundant collagen fibers (D, F, H). Degenerated seminiferous tubules surrounded by an islet conformation of adulttype Leydig cells are seen in the fibrous interstitial tissue of the hgn/hgn testis (H). i, Interstitial tissue; t, seminiferous tubule; v, blood vessels; fl, fetal-type Leydig cell; al, adult-type Leydig cells. A-H) Original magnification ϫ60.
In the hgn/hgn testes, immunostaining for Vm revealed that the indistinctive cells remaining in the tubules were not germ cells but somatic cells because they had filaments stained with anti-Vm antibody. The distribution of these filaments was irregular and their extensions were not straight (Fig. 3D) .
To confirm the differentiation of peritubular myoid cells, we stained testicular sections with antibody to Sma, a cytodifferential marker for peritubular myoid cells [6] . At PND 3, most of the single layer of peritubular cells in contact with the basement membrane was immunostained for Sma in the testes from both normal and hgn/hgn rats, although the peritubular cells forming multiple layers around the hgn/hgn seminiferous tubules were not (Fig. 3, E and   F) . At PND 40, intense immunostaining of Sma was detected in the peritubular myoid cells associated with the basement membrane of ϩ/? testes (Fig. 3G) . In contrast, at PND 40, weak but continuous immunostaining of Sma was detected in the single layer of peritubular myoid cells of hgn/hgn testes (Fig. 3H) . The islet conformation of multiple layers of round cells around tubules was not stained with the anti-Sma antibody (Fig. 3H) .
Immunolocalization of ECM Proteins
Because the azan technique revealed abnormal peritubular and fibrous interstitial tissue in the hgn/hgn testis, we examined the distribution of some ECM proteins that con- FIG. 2. Histology of ϩ/? (A, C, E, G) and  hgn/hgn (B, D, F, H) testes at PND 3 (A,  B) , 12 stitute the basal lamina of the seminiferous tubules. In confirmation of previous findings [22, 23] , at PND 3, we found that IVc was localized mainly to a single layer of peritubular cells in contact with the basement membrane and to the basal lamina in ϩ/? testes (Fig. 4A) . In hgn/hgn testes, considerable immunostaining for IVc was observed in the interstitial tissue, and weak staining of IVc was detected in a single layer of peritubular cells associated with the basal lamina. In these animals, however, the outer multiple layers of peritubular cells were negative for IVc staining (Fig.  4B) . Fn is a marker of peritubular myoid cells and a component of the basal lamina of peritubular tissue [23, 24] . In ϩ/? testes, immunostaining of Fn was observed in both the peritubular and interstitial tissues at PND 7 (Fig. 4C) . In hgn/hgn testes, however, multiple layers of peritubular cells were not stained for Fn (Fig. 4D) . At PND 18, intense Fn staining was seen in the basal lamina of ϩ/?, but not in that of hgn/hgn (data not shown). Lm is an important component of the basal lamina and is deposited in the inner basal lamina in the early stages of testicular development [22] . We were able to detect accumulation of Lm in the peritubular cells at PND 3 (data not shown) and basal lamina at PND 18 ( Fig. 4E ) of ϩ/? testes. In the hgn/hgn testes, however, staining for Lm was poor in both the peritubular cells and basal lamina in hgn/hgn testes (Fig. 4F) . In the ϩ/? testis at PND 18, IVc accumulation was observed in both the inner and outer basal laminae (Fig. 4G ). In contrast, in the hgn/hgn testis at PND 18, staining of the outer basal lamina with antibody to IVc was not detected in the peritubular tissues. Although immunostaining of IVc in the inner basal lamina was observed, the intensity was very weak (Fig. 4H) . Taken together, these results indicate that the distribution of ECM proteins in the peritubular and interstitial tissues was abnormal in developing hgn/hgn testes.
Histochemical Localization of 3␤-HSD
To characterize the Leydig cells, we performed histochemical assays on cryostat sections for the activity of 3␤-HSD. This is a key enzyme in the biosynthesis of androgen and is detected in both fetal-and adult-type Leydig cells [9, 19] . We detected 3␤-HSD activity in fetal-type Leydig cells of both the neonatal ϩ/? and hgn/hgn testes (Fig. 5,  A and B) . From PND 18 onward, 3␤-HSD-positive adult-type Leydig cells were found in the interstitial tissue of ϩ/? testes (Fig. 5, C and E) . However, the multiple layers of peritubular cells around the seminiferous tubules were negative for 3␤-HSD activity during the postnatal period in hgn/hgn testes (Fig. 5D) . At PND 40 in the latter, cells forming an islet conformation around the seminiferous tubules were positively stained for 3␤-HSD (Fig. 5F ).
Testicular Cell Count
To obtain statistical evidence showing that the hgn/hgn phenotype alters the number of Sertoli and germ cells in FIG. 4. Immunostaining of IVc (A, B,  PND3; G, H, PND 18), Fn (C, D, PND7) , and Lm (E, F, PND 18) in ϩ/? (A, C, immunostaining (B, D, F) . Two layers of basal lamina surrounding the seminiferous tubules are intensely immunostained with antibody to IVc at PND 18 (arrow) (G). Although there is weak staining associated with the inner basal lamina (arrowhead) in the hgn/hgn testis, no outer basal lamina stained with antibody to IVc was observed (H). p, Peritubular mesenchymal cell; pm, peritubular myoid cells; i, interstitial tissue; t, seminiferous tubule; v, blood vessels. A-F) Original magnification ϫ120; (G, H) original magnification ϫ300.
the seminiferous tubules, we counted Sertoli cells and gonocytes at PND 1 and 3. Although we found that the diameters of the tubular sections were comparable in both genotypes, the number of Sertoli cells in the seminiferous tubules of the hgn/hgn rats was about half that in the tubules of the ϩ/? rats, but the number of gonocytes was about three times higher (Table 1) .
To estimate the total numbers of somatic and germ cells in these testes, we enzymatically dispersed the testicular tissue at PND 0 and 3 and counted the number of somatic and germ cells. We found that the numbers of both cells were significantly smaller in the hgn/hgn than in the ϩ/? testes at both time points examined (Fig. 6) . Whereas at birth, the number of somatic cells in hgn/hgn testes was about one third that in ϩ/? testes, it had declined to about one eighth at PND 3. In contrast, the number of germ cells in hgn/hgn testes remained about half that of ϩ/? testes at both time points. Thus, the proliferation of somatic cells was severely defective, and the ratio of gonocytes to somatic (Sertoli) cells was abnormally high in hgn/hgn testes, findings consistent with our previous observation [18] that gonocytes constituted most of the tubules in hgn/hgn testes at PND 1 and 3. In addition, about two thirds of the gonocytes in hgn/hgn testes were dead on dye-exclusion testing, whereas most of the gonocytes in ϩ/? testes were alive. 
Cell Proliferation Activity and Apoptosis
Our cell counts suggested that there is a defect in the regulation of cell proliferation in the perinatal hgn/hgn testis. To assay cell proliferation activity, we performed immunostaining of PCNA. PCNA is an auxiliary protein of DNA polymerase that is required for DNA replication during the S phase and therefore is exclusively expressed in proliferating cells [25, 26] . In ϩ/? testes at PND 3, Sertoli cells showed intense immunostaining of PCNA, whereas gonocytes arrested at mitotic interphase were negative for PCNA staining (Fig. 7A) . In hgn/hgn testes, the nuclei of most Sertoli cells were flattened or irregular and stained with PCNA. However, the intensity of the staining varied, and some of the Sertoli cells of hgn/hgn testes showed weak immunostaining for PCNA (Fig. 7B) . The gonocytes, some of which were at mitotic metaphase, were stained with anti-PCNA antibody in the hgn/hgn testis (Fig. 7B) . In the interstitial tissue of hgn/hgn testes, multiple layers of peritubular mesenchymal cells showed immunostaining for PCNA (Fig. 7B) .
To confirm that apoptosis is related to a reduction in numbers of Sertoli cells and increased cell death of enzymatically separated gonocytes, we assayed the apoptosis of these cells by the TUNEL method. No apoptotic cells were detected in the ϩ/? testes at PND 1 (Fig. 7C) , whereas a considerable number of TUNEL-positive cells was observed in the seminiferous tubules in the hgn/hgn testes (Fig. 7D) . Most of the apoptotic cells in the latter appeared to be Sertoli cells because they had small nuclei and were located in the basal region of the tubules. At PND 7, phys- iological apoptosis of germ cells was rarely observed in ϩ/? testes. TUNEL-positive cells were merely detected in hgn/hgn testes at PND 7 (data not shown), although abnormal mitotic metaphases of gonocytes were often observed.
Expression Pattern of FSH Receptor
In the early postnatal pathogenesis of hgn/hgn dysplastic testes, a distinct early defect found in somatic cells is the failure of proliferation and differentiation of Sertoli cells, as indicated by their reduced number and increased apoptosis. The FSH receptor, which is expressed by Sertoli cells, is necessary for normal postnatal proliferation and differentiation of the cells [27, 28] . We analyzed the expression of FSHR mRNA in postnatal testes (Fig. 8) . Expression of FSHR mRNA was detected at all ages examined in the ϩ/? testes. In the hgn/hgn testes, the level of expression at birth was comparable with that of ϩ/? testes. The expression gradually decreased with age and had completely disappeared by PND 12. These results suggest that the reduced mitotic activity and increased apoptosis of Sertoli cells in the early postnatal stages in hgn/hgn testes are independent of the defective expression of FSHR.
DISCUSSION
During male cord formation of fetal gonad development, Ck-positive epithelial cells (precursor Sertoli cells) differentiate from mesenchymal cells [21] . Precursor Sertoli cells proliferate rapidly and form a palisade-like distribution along the basement membrane, enclosing the gonocytes at the perinatal stage [29] . Although our finding of Ck-positive Sertoli cells at PND 3 in hgn/hgn testes indicated that initial differentiation of these cells occurs in the fetal testis, they were sparsely distributed and failed to make normal distribution because there were few precursor cells. Moreover, in these testes, a considerable number of Ck-positive cells have lost contact with the basement membrane and are located inside the seminiferous tubules. This disruption of the cell-matrix adhesion machinery between Sertoli cells and the basement membrane may be involved in apoptosis of Sertoli cells and/or poorly formed basement membranes. Although Sertoli cells proliferate from the embryonic to the prepubertal stage [28] , their highest mitotic activity is observed during the perinatal stage [30] , indicating that the increase in numbers of testicular cells at this stage is due primarily to the proliferation of Sertoli cells. Our cell-count experiment showed that the number of Sertoli cells was significantly lower in hgn/hgn than in normal tubules at both PND 1 and 3 and that the perinatal proliferation of somatic (Sertoli) cells is defective in hgn/hgn testes. The establishment of a normal population of Sertoli cells before puberty is necessary for normal spermatogenesis and normal levels of sperm production because each Sertoli cell has the capacity to support only a fixed number of germ cells [31] . Although the minimum number of Sertoli cells needed to establish a base for spermatogenesis is not known, there may be too few in the hgn/hgn seminiferous tubules.
We found that the intensity of PCNA staining of Sertoli cells was varied in hgn/hgn testes at PND 3. We detected some Sertoli cells showing poor PCNA staining. This observation indicates that the proliferative activity of Sertoli cells is decreased in the hgn/hgn testis. PCNA is also involved in cell cycle arrest and DNA repair [32, 33] . Thus, it is possible that the intense PCNA staining in the irregular nuclei of hgn/hgn Sertoli cells might be involved in accumulation of the protein associated with cell cycle arrest in the apoptotic process. This is supported by our observation that the apoptotic bodies of Sertoli cells were strongly stained for PCNA in the hgn/hgn testis. There were a considerable number of TUNEL-positive Sertoli cells in the hgn/hgn tubules at PND 1, and most of these cells were also positive for Vm by double-staining methods (data not shown). We were unable to find any reports describing similar apoptosis of Sertoli cells during the perinatal period. Because Sertoli cells play a central role in testicular devel- opment and spermatogenesis, their failure to proliferate and differentiate results in disorders of testicular function [1, 28] . However, we were unable to identify any animal model other than the hgn/hgn rat that showed distinct disorders in the perinatal proliferation and differentiation of Sertoli cells. Although postnatal dysplastic development of testes has been reported in male Dhh-null and DAX1-deficient mice, the primary pathological alterations are found in the peritubular tissues [34] [35] [36] [37] . In these mice, intratubular abnormalities are likely to be secondary events. The dysfunction of Sertoli cells in hgn/hgn is one of the reasons why these rats show more severely dysplastic testes.
FSHR is expressed in Sertoli cells, and FSH has been shown to increase the rate of proliferation of Sertoli cells [38] [39] [40] . Plasma levels of gonadotropins are consistently low during the early postnatal stages in normal rats. In hgn/ hgn rats, however, FSH levels are elevated from PND 3 onward [11, 17] . Our ability to detect FSHR mRNA expression in early postnatal hgn/hgn testes indicates that the reduced proliferation of Sertoli cells is not directly caused by defective expression of FSHR. However, the disappearance of FSHR mRNA expression beginning at PND 12 indicates that Vm-positive Sertoli cells in the degenerated hgn/hgn tubules lose their expression of FSH receptor. There are many paracrine factors that may be involved in the regulation of Sertoli cell proliferation and differentiation [28, [41] [42] [43] [44] [45] [46] [47] . To date, no factor has yet been identified that is expressed exclusively in the testes and that induces Sertoli cell-specific proliferation during the late embryonic and early postnatal periods. Because Sertoli cells fail to proliferate and differentiate into mature Sertoli cells, the defect in hgn/hgn rats may include the defective expression of certain critical factor(s) regulating Sertoli cell proliferation and differentiation.
Following the active proliferation of PGCs in the sex cord during the period from Embryonic Day (ED) 14-17, these cells experience an arrest of mitosis, which continues for about 8 days during rat testicular development [48] . Around PND 3, the gonocytes resume their mitotic activity, relocate toward the basal compartments, and differentiate into spermatogonia [4, 5] . In female rats, on the other hand, PGCs enter meiotic prophase and arrest in the dictyate stage until a few days after birth [4] . Somatic cells in the male gonad are thought to prevent PGCs from entering meiosis and direct them to spermatogenesis [49] . On histological examination, neonatal hgn/hgn PGCs showed a cytology typical of gonocytes, suggesting that fetal male hgn/hgn gonads have the capacity to prevent PGCs from entering meiosis. However, the gonocytes of these animals often showed abnormal mitotic metaphases. We found that the ratio of gonocytes to Sertoli cells in the tubules was extremely high in hgn/hgn testes. Because gonocytes are functionally coupled with Sertoli cells via gap junction and cell adhesion molecules [5] , this elevated ratio may be related to the abnormal proliferation and degeneration of gonocytes in hgn/hgn testes. In addition, we often observed multinuclear germ cells in the perinatal hgn/hgn tubules. Resumption of gonocyte proliferation produces daughter cells connected by intercellular bridges during early postnatal development of normal testes [50, 51] . It is therefore likely that the appearance of multinuclear germ cells would result from the premature proliferation of gonocytes in the absence of an appropriate support of Sertoli cells.
During the perinatal period in the normal testis, gonocytes are arrested in the G0/G1 stage and are negative for immunostaining of PCNA [42] . In hgn/hgn testes, however, we detected PCNA-positive gonocytes at PND 0 (data not shown) and 3. Because the relocation of gonocytes and their resumption of mitosis are thought to be independent of each other [52] , there is a possibility that gonocytes could restart mitosis before being enclosed in a basal compartment under such abnormal conditions. It has been proposed that, if PGC meiosis is inhibited in the male gonad environment, then PGC mitotic arrest is automatically accomplished by a mechanism inherent to the germ cells [53] . We found, however, that abnormal mitosis of hgn/hgn gonocytes was present as early as ED 19 (data not shown), suggesting that there may be a mechanism preventing gonocytes from entering mitosis that is defective in the late embryonic and early postnatal hgn/hgn testis. Because the defect in the hgn/hgn phenotype originates in somatic rather than germ cells, the interaction between Sertoli cells and PGCs may regulate the mitotic arrest of gonocytes. Testicular somatic cells produce mitogens to accelerate their proliferation during the period when PGCs arrest mitosis. Thus, it is possible that the palisade-like distribution of Sertoli cells would enclose the PGCs, preventing their access to an environment rich in mitogens, and that compact clustering of PGCs surrounded by Sertoli cells [5] would provide contact inhibition for mitosis of PGCs. This morphological milieu, however, could not be established in neonatal hgn/hgn testes.
In contrast with our histological results, we found that the total number of gonocytes was smaller in hgn/hgn than in ϩ/? testes at birth and that the increase in the number of gonocytes during the period from PND 0 to PND 3 was also smaller in hgn/hgn than in ϩ/?. This inconsistency is due to accelerated cell death of gonocytes in the degenerated hgn/hgn tubules. In our dye-exclusion experiments, we found that most neonatal gonocytes had progressed to cell death in hgn/hgn testes, although TUNEL staining did not show distinct evidence of gonocyte apoptosis. Some reports have suggested that the physiological apoptosis of germ cells occurs at the same time as peak mitosis and that the death of gonocytes during their arrest phase occurs by a process resembling necrosis [54, 55] . Therefore, gonocyte death is likely to progress through necrosis in hgn/hgn testes because of the incomplete support provided by the defective Sertoli cells. Although we did not utilize a gonocyte-specific marker in this study, it is a potential hypothesis that the gonocytes of hgn/hgn testes failed to arrest mitosis, failed to differentiate into spermatogonia, and degenerated through a necrotic process during postnatal testicular development. Our findings suggest that these defects may be related to the functional failure of Sertoli cells.
Although testicular cords are formed in the absence of primordial germ cells [56] , interaction between Sertoli cells and peritubular myoid cells is necessary for testicular cord formation. Peritubular myoid cells differentiate from progenitor cells that have migrated from the mesonephros [57, 58] . Immature peritubular myoid cells in contact with the outer surface of the seminiferous tubular basal lamina are thought to differentiate into mature myoid cells during postnatal testicular development [6, 7] . The initial differentiation of peritubular myoid cells should occur in hgn/hgn gonads because testicular cords lined with continuous basement membrane were observed at birth. In our previous report, however, we showed that the seminiferous tubules were surrounded by multiple layers of AP-negative peritubular cells [18] . In the present study, we showed that Sma-positive peritubular myoid cells were in contact with the basement membrane in hgn/hgn testes at PND 3. Thus, the differentiation of Sma-positive peritubular myoid cells occurred at the time programmed, although the appearance of a single layer of mature AP-positive myoid cells was delayed in hgn/hgn testes [18] . In normal testes, the peritubular myoid cells became flattened and located in the space between the inner and outer basal laminae at PND 12. This organization of peritubular tissue may be important for normal maturation of peritubular myoid cells because a continuous layer of AP activity and intense immunostaining of desmin appear in peritubular myoid cells at about the same stage in normal testicular development [6, 24] . In hgn/ hgn testes, however, these cytodifferential markers were not expressed in the peritubular myoid cells during early postnatal development. Beginning at PND 21, AP activity was detected in a single layer of peritubular cells, but even in the hgn/hgn testis at this stage, the peritubular cells became flattened and the outer basal lamina was partly formed outside a single layer of peritubular cells. Therefore, it may be important for the differentiation of mature myoid cells that a single layer of peritubular cells in contact with the basement membrane produces ECM proteins to effect a separation from the outer peritubular cells by establishing an outer basal lamina.
Peritubular myoid cells cooperate with Sertoli cells to produce ECM proteins, which compose the basement membrane of the cord. The reduced number of Sertoli cells and the defective differentiation of Sertoli cells and peritubular myoid cells in hgn/hgn testes may be associated with a reduction of ECM protein production and deposition into the basal lamina. Lm is produced by both Sertoli and peritubular myoid cells and is an important component of the inner basal lamina [59] . Lm has been reported to promote the adhesion of Sertoli cells to the basement membrane and the differentiation of premature Sertoli cells [60] . There-fore, the degeneration of Sertoli cells in hgn/hgn testes may be involved in the reduced production of Lm. Peritubular myoid cells are a major source of Fn [61, 62] , which is deposited primarily in the outer basal lamina [22] . Lack of Fn staining in the basement membrane and peritubular tissue may be involved in developmental and functional defects of peritubular myoid cells in hgn/hgn rats. IVc is synthesized by both Sertoli and myoid cells [61] . In normal rat testes, IVc was continuously deposited in the inner and outer basal laminae at PND 18. In contrast with other ECM proteins, IVc was localized in a single layer of the peritubular myoid cells in hgn/hgn perinatal testes. However, the lack of IVc accumulation in the outer basal lamina of postnatal hgn/hgn tubules supports the crucial relationship between the maturation of myoid cells and the deposition of IVc in the outer basal lamina.
Fetal-type Leydig cells also originate from progenitor cells derived from mesonephric tissue [58] . During postnatal testicular development, fetal-type Leydig cells are replaced by adult-type Leydig cells as a major source of testosterone, where the adult-type cells differentiate from peritubular cells [9] . The initial differentiation of fetal Leydig cells should have occurred in hgn/hgn gonads because 3␤-HSD-positive cells are found in early postnatal testes. However, the appearance of adult-type Leydig cells was delayed in the hgn/hgn testis. The multiple layers of peritubular cells around the seminiferous tubules were negative for 3␤-HSD at PND 18, a point at which adult-type Leydig cells show activity in normal testes. However, we were unable to detect any distinct expression of myoid cell-specific marker proteins (AP [18] , Sma, and desmin [data not shown]) in these multilayered cells. Further, these cells showed intense immunostaining for PCNA but little or no immunostaining for ECM proteins such as Fn, Lm, IVc, and Ic (data not shown). These results suggest that the multilayered cells may be indifferent peritubular cells that have deviated from the normal process of differentiation, derived from an excess of peritubular cells resulting from growth retardation of the hgn/hgn seminiferous tubules. Dhh is a signaling molecule expressed by Sertoli cells. The expression of Dhh is necessary for normal development of adulttype Leydig cells and peritubular tissues [34, 35] . Some pathological alterations in the hgn/hgn testis appear to be similar to those of Dhh-null mice. It is reasonable to propose that insufficient secretion of Dhh because of dysfunction of the Sertoli cells might result in the defective differentiation of peritubular tissues and the delayed appearance of adult-type Leydig cells in the hgn/hgn testis. Further investigations are required to confirm this possibility.
